We reported previously that DNA bend sites appear in the human /3-globin locus at an average distance of 680 bp. The relative locations of the sites were conserved among the five active /3-like globin genes and one pseudogene. Here, we mapped the sites in the /3-like globin genes from various species and examined their conservation. The locations of the bend sites in the bovine, rabbit and chicken /3-globin genes mapped here showed marked conservation in their locations relative to the cap site and showed similar locations to the previously mapped sites in the human (3-and mouse /3 ma -'-globin genes. Further analysis of the first bend sites from the cap site (B-1 sites) indicated that they contained tracts of adenines and thymines longer than or equal to two bases. This sequence feature contributed mostly to the curvature profiles revealed by gel assays and/or by computer-based TRIF analysis. TRIF analysis indicated that most of the B-1 sites showed right-handed superhelical twists accompanied by left handed twists. This was confirmed by the effect of ethidium bromide on the superhelical twists in the assays.
Introduction
approximately 680 bp in the human /3-globin locus and in other loci. 12~15 Mapping of DNA bend sites by gel-based Transcription is regulated by the £rans-acting fac-physical assay in a total of approximately 100 kb contors that interact with cis-elements on the DNA, in-fi rme d this, and the nucleotide sequences of more than eluding transcription factor binding sites and other less 140 sites indicated that the sequences share a feature well-characterized motifs with specific DNA structures. o f periodical appearance of AA or TT dinucleotides. 16 Among these, bent DNA is one of the best-characterized However, the specific features other than this higher DNA structures and has been reported to be functionally frequency of these dinucleotides responsible for the forrelated with many cellular functions.
1 ' 4 Bent DNA is in-m a tion of periodic bent DNA still remain unclear, and volved in the regulation of chromatin formation, through computer-based prediction methods have so far failed to which transcription status can be determined as seen in s n o w perfect co-localization of these sites with the physnucleosome remodeling that occurs during activation of i ca i mapping results. The best matches were obtained transcription and recombination. 5 " 9 u s i n g the software TRIF1.00 developed by Trifonov and We previously reported that one type of bent DNA ap-co-workers, which is based on the parameters according pears with nearly regular periodicity in the genomic DNA to the wedge model of bent DNA. 17 Most of the physiof higher eukaryotes. 10 ' 11 This type of bent DNA, des-c a n y m a p p e d DNA bend sites were predicted by the softignated as periodic bent DNA, appears at an interval of w a r e ; while additional sites were mapped by the software
Communicated by Michio Oishi t h a t w e r e n o t identified on physical mapping. 12 This sug-* To whom correspondence should be addressed. Tel. +81-298-gests that bent DNA could be classified into at least two 61-6189, Fax. +81-298-6190, E-mail: kiyamar@nibh.go.jp species, and naturally occurring bent DNA most likely t Present address: Department of Obsterics and Gynecology, h a g a b i a g t h a t • c a u s e d b f unc ti O nal or evolutionary [Vol. 7, the bend sites.
Bent DNA in a gel shows maximum anomaly in electrophoretic mobility when the structure is in the planar conformation. 18 Twisting of DNA decreases gel retardation, although it has different effects dependent upon the handedness of twisting. 19 The left-handed twist contributes more to gel retardation than does the righthanded twist with the same degree of twist. 20 This was explained by more favorable migration of the B-type (right-handed helix) DNA molecules with right-handed superhelical twists due to minimal friction in the gel matrix. In the presence of ethidium bromide, untwisting of DNA shifts the degree of twisting more to the left-handed superhelix and decreases its planarity, thereby decreasing the degree of retardation. 19 On the other hand, ethidium bromide shows a smaller effect on migration of the righthanded superhelix.
To understand the role of periodic bent DNA as a ubiquitous genomic signal, we analyzed conservation of the sites during molecular evolution of the /3-like globin genes and our results allowed us to extend these observations to transcriptional regulation by examining the superhelical twists of the sites in the promoter region.
Materials and Methods

Plasmids
DNA fragments containing the chicken, bovine and rabbit /3-globin gene regions were cloned into pBluescript SK(-) (Stratagene). The DNA fragments to be duplicated were amplified by PCR with primers containing either BamHl or ffindlll sites on the 5' ends, recovered from agarose gels after digestion with the respective enzyme, purified, recovered with glassmilk, and cloned into the vector at either BamHI or Hindlll sites. The clones with tandem duplication of the insert were screened after transformation into Escherichia coli JM109.
Circular permutation assay
DNA bend sites were determined by the circular permutation assay, as described previously.
10 DNA fragments ranging from 361 bp to 1009 bp were cloned into the pBluescript vector as tandem duplicates. Each clone was digested with restriction enzymes that cut the fragment once, producing fragments of the same size but in the permuted order of the sequences, and the fragments were then resolved by 6% polyacrylamide gel (mono: bis = 29 : 1) electrophoresis at 4°C for 2-3 days at 1-1.5 V/cm. M13mpl8 digested with Aval was used as an internal migration marker. The results of the assay were analyzed by calculation of the mobility of each fragment relative to the fastest migrating fragment. Bent DNA should be located close to the restriction site where the relative mobility is highest, based on the observation that when the bent DNA is located close to either end of the fragment, its migration within the gel matrix is unaffected, and otherwise it results in retardation. The degrees of retardation are dependent on the relative distance from the bent DNA. When two bend sites were located within a cloned fragment, the resultant graph showed either two peaks at different positions or apparent deformation of the graph. In such cases, the regions were further divided to separate the sites.
TRIF analysis
The three-dimensional structure of the DNA was analyzed using TRIF1.00 software, which calculates the angle of duplex axis and DNA curvature in the curvature unit based on the parameters of wedge, twist and direction angles for the distribution of dinucleotides. 17 One curvature unit is the value obtained for the mean DNA curvature in the crystallized nucleosome. For the globin genes, a smoothing window of 20 bp in the scanning window of 50 bp was applied to the curvature plot.
Results and Discussion
DNA bend sites in the bovine, rabbit and chicken (3-globin genes
We first determined DNA bend sites in 5 kb regions of the bovine, rabbit and chicken /3-globin genes by circular permutation assay ( sites were mapped in these regions. Although there were some exceptions, their locations relative to the cap sites showed a striking degree of conservation among the (ilike globin genes from various higher eukaryotes (Fig. 2) , again strengthening the implied biological importance of these sites. The first bend sites upstream of the cap sites showed marked conservation among the human, mouse, bovine and rabbit genes, and many of the sites upstream also showed marked conservation. Their relative positions were mostly the same as those in the other human /3-like globin genes. 12 The chicken /3-globin gene has C/3B-1 and C/3B-2 sites further upstream than those equivalents in other species, although they were close to the average of 700 bp. On the other hand, the sites downstream showed variations presumably because of the length of the transcripts and the location of the third exons. The rabbit globin gene contained only one site in the second intron, while the other genes, which have longer introns, contained two sites. The first sites after the poly(A) signal showed fairly good conservation with the exception of the bovine site (B/9B+3) which had the longest transcript after the third exon.
TRIF analysis of the B-l sites
Since the circular permutation assay is a rough mapping method for bent DNA, we used the computer software TRIF1.00 for fine mapping. As we reported previously, 12 TRIF analysis predicts more bend sites than those determined by the gel assay. However, the sites predicted by TRIF 1.00 included all physically mapped sites. Mapping B-l sites located between +1 and -600 from the cap site by the software revealed that one or a few of the major peaks were likely to be bend centers (solid arrowheads in Fig. 3 ) and some peaks were conserved among all globin genes in Fig. 3 (shaded area) and the other human /3-like globin genes. 12 The B-l site from the chicken gene had a minor peak at the corresponding location to the conserved B-l sites in the other species examined (hatched arrowhead). Therefore, some DNA motifs may be involved in DNA bending at the -250 region. More detailed mapping showed that there were peaks around -230 to -250, which were probably caused by short oligo(dA) or oligo(dT) stretches mostly appearing at roughly 10-bp intervals (data not shown). The B-l site in the chicken gene (C/3B-1) located at -500 also showed a major peak with stretches of short oligo(dA) or oligo(dT). The presence of the bend centers in these B-l sites was confirmed by oligonucleotide assays (see Fig. 5 ).
Superhelical twisting of DNA bend sites
One of the intriguing questions regarding the periodic bent DNA is why there are differences between the physical and computer mapping results. More specifically, some of the sites predicted by computer were not observed on the physical assay. This question led to the assumption that there are several types of DNA bending and these different types are revealed to different degrees by the different assays. To answer this question, we investigated helical repeats that cause different handedness, which is one of the major characteristics of DNA curvature. TRIF1.00 was use to analyze control oligonucleotides with known handedness; (A3N5) 3 and (A3N6) 3 showed left-handed superhelicity and (A3N8) 3 was a right-handed superhelix, while (A3N7) 3 was almost planar (data not shown). On similar analysis, all of the B-l sites showed more or less left-handed superhelicity as seen with (A3N8) 3 (Fig. 4) . Superhelical twists were analyzed by gel assay (Fig. 5 ). Twenty-base pair sequences from each B-l site (-221 to -240 and -241 to -260 for the human, mouse, bovine and rabbit genes, and -491 to -510 for the chicken gene) were analyzed by gel assay with unidirectionally concatemerized oligonucleotides in the presence or absence of ethidium bromide (Fig. 5A) . Among the nine sequences, BB2 and CBB1 showed high degrees of retardation, while BB1, BBB1, RBB1 and RBB2 showed moderate retardation, and MBB1, MBB2 and BBB2 showed slight retardation (Fig. 5B) , indicating that at least one of the sequences in the B-l sites showed moderate or high degrees of retardation. When these sequences were examined in the presence of 5 /ig/ml ethidium bromide, the first group (BB2 and CBB1) showed slight effects, while the second (BBl, BBB1, RBBl and RBB2) and the third groups (MBB1, MBB2 and BBB2) showed moderate and strong effects, respectively (Fig. 5C ). This indicated that the effect of ethidium bromide on DNA showing a high degree of bending was slight, while moderate and strong effects were observed on those showing moderate and low degrees of bending, respectively. Ethidium bromide did not decrease the degree of bending in any of these cases. This suggested that the sequences at the B-l sites do not behave similarly to those with left-handed superhelical twists, which were previously shown to be little affected by ethidium bromide, 19 and confirmed the results of TRIF analysis.
3.4-Biologtcal significance of DNA bend sites
The conservation of motifs for transcription factors highlights the functional importance of these motifs related to transcriptional regulation at the locus control region (LCR), which consists of at least five DNase I hypersensitive sites, and their corresponding motifs located in the promoter region of each gene. 21 Among the globin genes, the /3-globin gene is expressed as an adult type and its expression starts at the time of birth and lasts throughout life. 22 Since it has the longest period of ex- pression, this gene is the best characterized of the globin genes, including phylogenetic analysis of conserved regions and searching for transcription factors that can interact with the cognate regions in the LCR. 21 ' 23 ' 24 Other than these motifs, we found that DNA bend sites were conserved in many genomic regions. Among these, the human /3-like globin genes showed marked conservation of the sites throughout the gene. 12 However, these structurally conserved sites showed little sequence homology. The results shown in Fig. 1 extended the findings to other species; bovine, rabbit and chicken. Many of the bend sites in the promoter regions, introns and the regions downstream of the poly(A) signal showed conservation among these species (Fig. 2) .
The biological significance of periodic bent DNA has been highlighted by the evolutionary conservation of its average distances and relative locations among multigene families in a species or among the same genes in different species. Periodic bent DNA has been demonstrated experimentally to be involved in nucleosome phasing. Periodic bent DNA has a high affinity to core histones and produces clear nucleosome boundaries, and removing the DNA causes disruption of nucleosome phase. 25 ' 26 Some of these B-l sites corresponded to the silencer activity in the human e-globin, 27 /3-globin 28 and mouse e-globin (Wanapirak et al., unpublished results) genes. This indicated that the same genomic environment was conserved among the /3-like globin genes from many species. More specifically, nucleosomal phases, especially translational positions, at the promoter region were determined at these sites, and according to this positioning transcription factors can interact with the corresponding motifs at specific positions on the nucleosomes (at the dyad axis for example).
Superhelical twists and nucleosomes
X-ray analysis of the nucleosome structure indicated that the DNA double helix has right-handed twists with approximately 10.0 bp/helical turn at regions close to the linker DNA. 29 ' 30 The region close to the dyad axis of nucleosomes, on the other hand, has a 10.7 bp/helical repeat that shows a left-handed twist. This was confirmed by computer analysis of nucleotide sequences in nucleosome databases, indicating that the 146-bp nucleosomal DNA consists of periodic AA or TT dinucleotides with 10.3 ± 0.2 bp helical repeats at both ends that surround 20 to 30 bp of spacer region without this characteristic in the middle. 31 TRIF analysis of B-l sites showed that (1) these sites showed relatively high peaks, indicating their high degree of bending, (2) they were conserved among many, if not all, of the /3-like globin genes, suggesting biological significance, and (3) they showed major right-handed superhelical twists accompanied by left-handed twists. The regions with right-handed twists corresponded to the dyad axis of nucleosomes.
